Broth cultures of Acholeplasma laidlawii were fixed with various concentrations of cacodylate-buffered glutaraldehyde. The shape and ultrastructure of the organisms varied with the osmolar concentration of the fixative. When the fixation mixture was hypertonic to the culture medium, ultrathin sections suggested that the cells had shrunk. Phosphate buffer, sodium chloride, or sucrose at comparable osmolalities had the same effect as sodium cacodylate. Glutaraldehyde itself also contributed to the osmotic effects of the fixation mixture but to a lesser extent than salts or sucrose, to which the cell membrane is impermeable. The osmolar concentration of the fixation mixture seemed of greater importance than pH in determining morphology. The mycoplasma was still susceptible to damage by high concentrations of cacodylate after fixation with 2.5% glutaraldehyde. The best procedure was to fix and wash the organism under conditions isotonic with the growth medium. These conditions were also satisfactory for a filamentous mycoplasma, Mycoplasma orale.
It has been recognized for some time that the absence of a rigid cell wall renders mycoplasmas susceptible to distortion by certain procedures used in electron microscopy. For example, drying tends to produce artifacts in unfixed, negatively stained preparations (18) , and centrifugation of broth cultures before fixation has been found to alter the shape and ultrastructure of Mycoplasma gallisepticum (12) (13) (14) . Another factor which has been largely neglected is the effect of osmolar concentration on the morphology of mycoplasmas. It has been reported that cells of M. mycoides, which are filamentous in culture, become spherical when washed and suspended in a hypotonic buffer and that this effect is reversed when the buffer is made hypertonic with 0.4 M sucrose (20) . Similarly, the morphology of M. gallisepticum is altered by suspending the organism in hypotonic solutions prior to fixation (3) . However, the osmolar concentration at which mycoplasmas are fixed for electron microscopy has been generally ignored, although the osmolality of the fixation medium is well known to affect the ultrastructure of mammalian tissues fixed with glutaraldehyde (6, 15, 22) or osmium tetroxide (16, 23) .
This paper shows how the osmolar concentration of the fixation mixtures alters the morphology of Acholeplasma (formerly Mycoplasma) laidlawii in ultrathin sections.
MATERIALS AND METHODS
Organisms. A. laidlawii, strain A, was ATCC 14089. A. laidlawii, strain B, was from the collection of E. Klieneberger-Nobel and corresponds to ATCC 14192. M. orale, type 1, was tissue culture strain 837 (9, 10) .
Media and growth conditions. The medium was Difco PPLO broth supplemented with 1% (v/v) Difco PPLO serum fraction, 0.5% (w/v) Oxoid yeast extract, 0.002% (w/v) sodium deoxyribonucleate, and 50 units of penicillin per ml, pH 7.5. Before use it was filtered successively through membrane filters of 450-and 220-nm average pore diameter (type MF, HAWP or GSWP, Millipore Corp.). Cultures were grown statically for 16 hr at 37 C in 50-ml quantities of medium dispensed in 100-ml bottles. The inoculum for each bottle was 0.05 ml of a 24-hr culture.
Electron microscopy. Mycoplasmas were prepared according to the flow chart given in Table 1 
RESULTS
In preliminary experiments with A. laidlawii, strain A, the initial fixation (step 1 in Table  1 ) used a range of concentrations both of glutaraldehyde, from 0.25 to 6.25%, and of sodium cacodylate buffer (pH 7.2), 0.0001, 0.01, or 0.1 M. With 0.001 or 0.01 M sodium cacodylate, sections suggested that the organisms were coccoid, coccobacillary, or rod-shaped (Fig. 1 ). An irregular fibrillar network, presumably deoxyribonucleic acid (DNA), ramified among the more electron-dense ribosomes lying peripherally beneath the triple-layered membrane. With 0.1 M cacodylate, however, flattened, invaginated, hour-glass and sinuous forms were seen, and cells of circular cross section contained within them the membranelined vacuoles seen in Fig. 2 . These appearances suggested that the cells had shrunk or collapsed unilaterally or bilaterally to form concave or biconcave discs (Fig. 3.) . In the most extreme case, the membranes lay back to back at the center of the disc, giving the appearance of two globular cells connected by a thin thread of double membrane. Further evidence of shrinkage was that the cell contents were more electron-dense and showed only scattered pale areas instead of the fibrillar network of DNA. These morphological and ultrastructural effects were most pronounced when the concentration of glutaraldehyde exceeded 1%.
Since M. gallisepticum tends to become spherical on chilling (14) , A. laidlawii might have remained spherical in 0.1 M sodium cacodylate if it had been fixed at 4 C instead of at room temperature. In one experiment, therefore, half the culture was fixed at 4 C by chilling the culture and the buffered fixative before mixing and then maintaining the mixture at 4 C during fixation. The other half was processed at room temperature. There was no difference between the preparations; with 2.5 or 6.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, the vacuolated, invaginated, and other forms shown in Fig. 2 still predominated.
These effects were not due specifically to sodium cacodylate for when 0.1 M phosphate, pH 7.2, was substituted for 0.1 M cacodylate buffer the results were identical. The differences in shape produced by varying the concentration of sodium cacodylate were therefore presumed to be due either to differences in ionic strength or to the differing osmotic pressures exerted by the ions. To distinguish between these possibilities, the osmolalities of cultures before and after adding buffered glutaraldehyde were determined, and in some experiments buffer salts were replaced by sucrose or sodium chloride. than that of physiological saline (0.145 M). The osmolar concentrations and pH of various fixation mixtures are given in Table 2 , which shows that only the mixture containing 0.25% glutaraldehyde and 0.025 M sodium cacodylate was even approximately isotonic with the culture medium.
Fixation of A. laidlawii at different osmolar concentrations. Sections of A. laidlawii, strain A, prepared after fixation with 0.25% glutaraldehyde at osmolar concentrations up to 328 milliosmols/kg (Table 2) showed round or rod-shaped organisms like those of Fig. 1 . As the concentration of sodium cacodylate was progressively increased to greater than 328 milliosmols/kg, intemal vacuoles first appeared, followed by cells which were invaginated and flattened in section ( Table 2 ). The most pronounced changes were observed at 434 milliosmols/kg (Fig. 4, Table   2 ), but even at this concentration some round sections were still present.
When the fixation mixture contained 2.5% glutaraldehyde, the osmolality was 460 milliosmols/kg even without buffer (Table 2) and was therefore greater than that of the culture medium. However, most sections were round, although some contained vacuoles (Fig.  5) . Thus, high osmolar concentrations would be produced by adding glutaraldehyde alone, but the morphological changes were less than those seen at comparable osmolalities with 0.25% glutaraldehyde and 0.1 M sodium cacodylate (Table 2) . Nevertheless, glutaraldehyde contributed to the osmotic effect because the most extreme changes, comparable to those in Fig.  2 , occurred when the fixation mixture contained 2.5% glutaraldehyde and 0.1 M sodium cacodylate and had an osmolality of more than 600 milliosmols/kg.
As shown in Table 2 , the addition of 0.25% or 2.5% glutaraldehyde alone to the cultures lowered the pH to 6.0 and 5.4, respectively. Nevertheless, cell sections fixed under these conditions had clearly defined limiting membranes, fibrillar DNA, and ribosomes (Fig. 5) flattened organisms, whereas cells fixed in unbuffered 2.5% glutaraldehyde at pH 5.4 were better preserved.
In other experiments 0.2 M sucrose or 0.1 M sodium chloride was substituted for 0.1 M sodium cacodylate in the fixation mixture used for A. laidlawii strains A and B. Glutaraldehyde was used at 0.25% and the osmolar concentration was about 430 milliosmols/kg. Preparations fixed under isotonic conditions (270 milliosmols/kg) were included as controls.
With both strains A and B fixed at 430 milliosmols/kg the cells were shrunken, irrespective of whether the osomality was increased with sucrose, salt, or sodium cacodylate. Thus, the effects were due to the osmotic pressure rather than the ionic strength of the fixation mixture. The pH of fixation apparently had no effect because with sodium cacodylate it was above 7.0 whereas in the mixtures containing sucrose or salt it fell to about 6.0.
Raising osmolar concentration after fixation. A. laidlawii strain A was fixed with 2.5% glutaraldehyde for 15 min before sodium cacodylate was added to 0.1 M (final osmolality 660 milliosmols/kg). The mixture was then filtered and treated in the usual way. The organisms appeared severely damaged (Fig. 6) , unlike those fixed with 2.5% glutaraldehyde alone (Fig. 5) . Although sections were less flattened than when fixative and buffer were added to the culture simultaneously, the micrographs suggested that some collapse had occurred at the center of the cells with the extrusion of fibrillar material (possibly DNA). Thus, prior fixation with glutaraldehyde did not prevent morphological changes occurring at high osmolar concentrations.
Osmolar concentration of postfixation wash. Because glutaraldehyde-fixed organisms were still susceptible to osmotic damage, it was possible that their morphology might have been altered by the osmolality of the solutions used subsequently. The buffered glutaraldehyde used at steps 3 The organism appeared highly filamentous by dark-field microscopy before fixation. After fixation under the isotonic conditions used for A. laidlawii, electron micrographs showed that it remained filamentous (Fig. 7) . There was no evidence that isotonic fixation caused the cells to swell and assume a spherical form. DISCUSSION There are several practical points which need to be considered when preparing mycoplasmas for electron microscopy. First, the osmolar concentration of the medium in which the mycoplasma is grown should be ascer- tained, especially when buffered fixative is to be added directly to the broth culture. This factor may be less critical when the organisms are growing on agar or are removed from the broth by centrifugation before fixation because there is no additive effect between the buffered fixative and the medium. However, if centrifuged cells are resuspended before fixation, the osmotic concentration of the suspending buffer may be important. Bernstein-Ziv (3) found that M. gallisepticum produced filaments when it was suspended in deionized water or hypotonic sucrose prior to fixation. Some of her micrographs show sections similar to those seen in A. laidlawii fixed at high osmolar concentrations. The effects observed may have been due to transfer from the hypotonic buffer to the hypertonic fixative (5% glutaraldehyde in 0.1 M sodium cacodylate) because cells suspended in isotonic sucrose were unaffected. This suggests that a sudden change from hypotonic to hypertonic conditions may cause damage even to an organism relatively resistant to osmotic changes.
Secondly, when glutaraldehyde is added directly to a broth culture the pH tends to drop rapidly and concentrations of salts incompatible with the osmotic tolerance of the mycoplasma may be required to buffer the mixture, especially with high concentrations of fixative. Nevertheless, a fixation pH as low as 5.4 seemed less detrimental than high osmolar concentrations. Schultz and Karlsson (22) also found that, although extremes of pH (2 or 11) damaged the ultrastructure of brain tissue, there was little change in the pH range 6 to 8. Similarly Sj6strand (24) states that the pH for fixing mammalian tissues may be varied from 5.1 to 9.5 without noticeable effect on the quality of preservation. With Table 1 , and for step 5 the concentration of sodium cacodylate is 0.135 M. Although glutaraldehyde itself evidently contributes to the osmotic effect, high osmolalities produced by glutaraldehyde alone had less effect on the shape of A. laidlawii than comparable osmolalities produced by mixtures of buffers, salt, or sucrose with low concentrations of glutaraldehyde. A probable explanation is that the cell membrane is permeable to glutaraldehyde but not to salts or sucrose. Maunsbach (15) also found that increasing glutaraldehyde concentrations had some effect on the ultrastructure of rat kidney proximal tubule cells but less than that produced by increasing the total osmolality with sodium chloride or sucrose.
A. laidlawii is known to be more sensitive to osmotic lysis than the sterol-dependent myco-plasmas (17) , and it may also be more susceptible to shrinkage at high osmolar concentrations. Rottem and Razin (21) found that when the tonicity of the suspending fluid was increased the intracellular free-water volume of A. Iaidlawii was reduced. Moreover, in A. laidlawii this volume was nearly twice that in M. gallisepticum, and the latter had a more restricted range of intracellular free-water volumes at different tonicities. Thus, the shrinkage of M. gallisepticum would be less than that of A. Iaidlawii for a given increase in osmotic pressure. This difference in reaction to high osmolar concentrations probably accounts for the production of excellent micrographs of M. gallisepticum after fixation in broth at osmolalities exceeding the highest used in these experiments with A. laidlawii (1, 2, 14) .
It seems probable, therefore, that mycoplasmas do not all respond in the same way to high osmolar concentrations. Nevertheless, published electron micrographs of other mycoplasmas fixed at high osmolalities show vacuolated, invaginated, and apparently flattened forms similar to those seen in the present study and suggest that some, at least, behave like A. laidlawii (4, 5, 8) . Moreover, even organisms with rigid cell walls can be affected by osmolar concentration. By using a scanning electron microscope, Klainer and Betsch (7) observed differences in the shape of Proteus vulgaris when it was washed in buffers of different tonicities prior to fixation. Changes such as cell shrinkage, increased electron density of the cytoplasm, and increases in the amount of extracellular space are also well-documented for mammalian and other animal tissues fixed under hypertonic conditions (6, 15, 16, 22, 23) . Whether strictly isotonic conditions of fixation are required for optimal preservation of the shape and ultrastructure of other mycoplasmas needs further investigation. Nevertheless, this study suggests that grossly hypertonic conditions of fixation should be avoided and that the osmolar concentrations at which the organisms are held before, during, and after fixation must be considered in any description of mycoplasma morphology, ultrastructure, or replication.
